Application of X-ray Absorption Fine Structure Spectroscopy to Materials and Environmental Science
INTRODUCTIO N I m easured my ® rst X-ray absorption ® ne structure (XAFS) spectrum in December, 1977, when my advisor' s ® rst students to use this technique were just completing their degrees. At that time, SSRP, the Stanford Synchrotron Radiation Project (now Laboratory), had expanded to two X-ray beam lines housed, along with all other administrative and technical support functions, in the ® rst incarnation of Building 120. The description of the housings for the experiments as``hutches' ' was particularly appropriate, since the one on beamline two was literally the size that would have been recommended for a m aximum of two rabbits and was accessed by opening a door on its top. The data acquisition software was in a comparatively primitive state; I would occasionally fall asleep with m y eyes open staring at the X-Y plotter because of the necessity of m anually starting each separate scan ever y half hour or so. Since the ver y active high-energy physics program at SPEA R (Stanford Positron Electron Asymm etric Ring) was principally conducted at a beam energy of 1.8 GeVÐ which m ad e m easu r em en ts d if® cu lt o n even standards beyond the copper K edgeÐ all the annual progress on a thesis was com pressed into the ten or so days for experiments allotted to one' s project out of the six weeks per year when SPEAR would be run in the dedicated radiation-production m ode. Even this ten days was m ore like ® ve, since SSRP recomm ended a contingency factor of 2 on beam time requests in an attempt to com pensate for SPEAR down time during the runs. But despite the tribulations associated with being a pioneer, m ethods utilizing synchrotron have proven so powerful that SSRL now owns SPEAR, where experimenters can``assum e' ' the beam for the nine m onths per year it runs, delivering hard X-rays to som e sixteen end stations on seven beam lines with m ore under construction. Three additional facilities within the U.S. now also exist in an attem pt to m eet the demand for time and m ore po w er f u l X -ray so ur ces. T h ese changes in operation and in the hardware and software have resulted in new approaches and novel types of scienti® c endeavors. In this article I will describe som e of the basics of XAFS and how it has recently been applied to two areas in which I am currently involved, m ater ials scien ce/co n d en sed m atter physics and environm ental chemistry.
FIG. 1. Schematic diagram of the experiment. The full spectrum of X-rays emitted by the accelerated, relativistic particles in the storage ring pass through a beam pipe and entrance slits into a monochromator where diffraction off the selected lattice plane of the two parallel crystals sends a single wavelength that is vertically displaced into the experimental hutch. The monochromatic beam passes through an ion chamber that monitors its intensity by absorbing part of it, allowing a double-beam experiment with only a single beam. The beam then impinges on the sample. The transmitted intensity is measured by a second ion chamber behind the sample, or, for low concentrations of the target element, the absorbance can be determined as the intensity of the uorescent X-rays with a detector placed out of the beam facing the sample.
THEO RY AND PRACTICE OF XAF S SP ECTROSCOPY
If you were to go to one of the synchrotron light sources and proceed as in Fig. 1 , sticking a sample in the beam and m onitoring its absorbance while scanning the monochro m ator, y ou w o uld obser ve a monotonic decrease with increasing X-ray energy that would occasionally be punctuated by abrupt increases. 1 ±3 T h ese step-like rises o ccur where the X-ray energy has come into resonance with a core electron shell of one of the elements in the sample, exciting the electron into the continuum. Because of their appearance, they are referred to as absorption edges. In examining one of these edges m ore closely, one obser ves ® ne str uctur e ( F ig . 2) as shoulders and additional peaks over the 20 ±30 eV width of the absorption edge and as oscillations m odifying the resumption of the sm ooth, monotonic decrease on the high-energy side of the edge, which are eventually damped out over a few hundred to a thousand eV.
The origin of this ® ne structure superimposed on the core®continuum absorption is well understood (Fig. 3) as interference between the outgoing photoelectron wave and the portions of this wave backscattered off neighboring atoms. 1±7 The modulation of the interference condition with the change in X-ray energy and photoelectron wavelength results in oscillatory ® ne structure contributed by each neighboring atom. The wellknown, single scattering form ulation for the extended X-ray absorption ® ne structure (EXAFS) component of the absorption spectrum is thus where k is the m agnitude of the photoelectron wave vector, Ï 2m e (E 2 E 0 )/ 2 , with E the X-ray energy and / h E 0 the ionization energy in eV, and m e is the electron mass; m is the absorbance, and m 0 is the absorbance of the free atom unmodulated by EX-AFS effects so that x is the difference between the EXAFS of the absorber in the material and the EX-AFS of the free atom normalized by the latter; N is the num ber of neighbor atoms of the same Z at the same distan ce, R , fro m the absorb in g atom, i.e., a shell of neighbor atoms; f is the Z-dependent, per-atom backscattering amplitude function for that shell; S is a loss term to account for 2 0 multielectron processes and inelastic scattering; s is the pairwise Debye± Waller factor; w is the phase shift characteristic of the particular absorber-scatterer pair; l is the m ean free path for the photoelectron; and summ ing over all of the shells results in the composite EXAFS being the superposition of the EXAFS from each of the shells of neighboring atoms. Although this shell approach is the most intuitive in terms of extracting the speciation and structural inform ation contained in the EXAFS, especially with the advent of successful calculational approaches 8±12 it is now recognized that a m ore accurate description is afforded by summ ing over the various photoelectron paths rather than shells, with each path contributing a wave to the total. 13, 14 Multiple scattering paths containing more than the two legs of th e single scattering absorb er ® neighbor® absorber sum-over-shells route can be important because of degeneracy 9, 15 or because of for ward scattering off intervening atoms. 9, 16 For example, in the dodecahedral local structure of an fcc solid, 9 the ver y large number of three-leg paths (48) at one-and-one-half times the bond focal point FIG. 2 . The data analysis occurs in several steps. The absorbance is obtained from the various detector channels by converting transmission data as the logarithm of incident/transmitted intensity, uorescence as uorescent/incident intensity. The absorbance is normalized to a per atom basis by tting polynomials through the pre-and post-edge regions, setting the value of the extrapolated preedge to zero and the value of the extrapolated post-edge polynomial to unity at the ionization energy. The background approximated by the pre-edge polynomial may be subtracted from the data, giving the top spectrum. The EXAFS (center) is obtained by tting a polynomial spline-approximating the absorption of the free atom-through the region above the edge, and then normalizing the difference between the data and the spline by the tabulated absorption decrease. In addition to information on absorber valence and site symmetry obtained from the XANES, metrical parameters are obtained by curve tting the data. A common procedure is to convert the x (k) data into x (R) by Fourier transformation, which results in a radial structure function that often represents at least some portions of the structure in its modulus. length involving triangles from the absorber to a ® rst near neighbor to another ® rst near neighbor and then back makes the contribution of this path over half as large as that of the six atom s of the second shell and means that it can often be obser ved in the EXAFS despite damping by the combined Debye±Waller factors. A situation where multiple scattering paths are always important occurs for the fourth shell of such a solid, where the colinearity of the absorber-® rst shell atom -fourth shell enhances the overall amplitude by a factor of ; 6 (again at 0 K) and also alters the phase. The resulting sensitivity of f or w ard -scatter ing enhancement to the angle with the intervening atom actually allows for bond angle determination in some cases. 17 A second issue in the accurate interpretation of the spectra has been the location of the ionization threshold and the nature of the transitions in the X-ray absorption near edge structure (XANE S) region at the absorption edge. 18±21 XAFS is the Xray analog of UV-vis spectroscopy and follows dipole selection rules, so that transitions below the ionization threshold are to bound ® nal states and ones above it are to formally unbound states. The identi® cation of pand d-like character in the ® nal states via m easurements on single cr ystals (the beam from the synchrotron is polarized) is suggestive of the form er. 2 1 ±2 3 H o w ever, q uasi-bo und states involving certain well-de® ned scattering paths of the low kinetic energy photoelectron are found to produce the same effects in small molecules. 24±26 It is beginning to be clear that the ionization threshold in most cases extends to the absorption edge and that all the spectral features are likely to be simply the beginning of the EXAFS. 27, 28 The trick then is to extract the ® ne structure from the atomic, continuum portion of the absorbance. Since in practice determining the free atom absorbance is overly onerous, m 0 is approximated with m s , the smooth part of the absorbance above the edge. This value is typically calculated as a po ly nom ial sp lin e ® t through the high-energy region of the spectrum (Fig. 2) . Various enhancements to this process are periodically suggested (as they also are to the Fourier transform ing and cur v e-® tting /erro r d eter m in atio n procedures), but the resulting improvements have been in general too sm all for any of them to have gained comm on use by the community. The view of EXAFS as a superposition of damped sine waves dictates Fourier analysis, 5 and a Fourier transform does give a radial function suggestive of a pair distribution around the absorber. Caution must be exercised in this interpretation, however, since there is a phase as well as the amplitude of the modulus. This higher inform ation content m eans that the characteristics of the neighboring shells can be determined m uch more accurately and independently than indicated by the common Fourier transform modulus representation of the data, but also results in a detachment of the actual structure from that of the m odulus; e.g., the contribution of the second shell in x (R) of platinum occurs at a local minimum in the modulus. Metrical param eters are thus extracted from the data via nonlinear least-squares curve-® ts, supplem ented by other ap pro aches where appropriate. The source of the requisite phases and amplitudes for the ® tting has evolved from the spectra of structurally analogous standard compounds 29±31 to tabulated ones 2, 32 to very accurate ab initio calculations for arbitrarily arranged clusters of atoms which can be quite close to the ® nal structure. 8±12 An essential aspect of this procedure is that there is no direct m ethod for deriving the structure from the EXAFS; one is limited to testing and re® ning models, and there are thus problems with uniqueness. A good ® t to EXAFS data is a necessar y but not suf® cient criterion for the accuracy of the structure it models. A corollary to this problem is the determination of the errors in the results; because of the complexity of the analysis there is no generally accepted m ethod for gauging their uncertainty, and many of those reported are kludges of various ad hoc approaches supplemented by a pastiche of legitimate statistical m ethods. (B) . In such a material it is easy to envision a lattice determined by the atoms, consisting of the various (three shown in this example) sets of evenly spaced, parallel planes de ned by arrays of coplanar atoms, related identically with respect to the unit cells through which they pass. Interference between the X-rays/neutrons scattered off these planes of atoms results in the Bragg peaks in the diffraction pattern that give the space group and lattice constants for the crystal. (C) Local structural distortions can occur as randomly located displacements of the atoms from their average positions on the lattice. While these can substantially alter the pair distribution function, the original lattice is conserved and only minimal changes to the diffraction pattern may occur. The displacements shown are exaggerated with respect to what would be the actual movements involved, which are typically on the order of 5% of the interatomic distances. (D) In regions where the factor responsible for the local distortion is high, which follows naturally if it is randomly distributed through the crystal, collective or cooperative behavior of the atoms may result in the formation of nanometer-scale domains possessing a different structure and properties but still intimately associated with the bulk crystal.
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FIG. 4. A unit cell is propagated through space (A) to form a perfect crystalline solid
LOCAL STRUCTURE IN CO N-DENSED-P HASE M ATERIALS
Within the last ten years there has been a revolution in the conceptual basis of the atomic structure of solids. This developm ent has followed from the recognition that structural analysis can be quite susceptible to the effects of``scale' ' , i.e., the idea that the results obtained from a certain type of measurem ent depend upon the length and time scales to which that measurem ent is inherently sensitive. When scaling effects are disregarded, atomic structure is presumed to be accurately determined by the analysis of X-ray/neutron scattering data based on the obligator y, decades-old, classical notion of crystals being built up by the periodic repetition of a single, elementary unit cell. Within this m odel, a single arrangement of a small number of atoms whose ratio is de® ned by the stoichiometry of the compou nd (F ig. 4a) is p rop ag ated through space in strict accordance with the symm etry rules of the space group of the cr ystal (4b). The relative positions in a perfect cr ystal of two atoms separated by centimeters can thus be known to better than a thousandth of an A Ê ngstrom. As a concession to real materials, the perfection of the extended structure may be marred by the occasional defect. However, the underlying assumption that originated in the initial observation of the Bragg peaks in X-ray diffraction (XRD) patterns is that there is a single arrangement of a minimal number of atoms which is regularly repeated many times to make the cr ystal. Since this m odel does in f act accurately d escrib e many solids, its value and utility are beyond dispute. However, it must also be recognized that there are many cases where it is simplistic to the point of giving an incorrect portrayal of the structure.
The shift away from this original model began with the introduction of`l ocal'' structure. Certain materials contain or support the localization of so m e factorÐ com positio n, size, charge, strain, polarization, etc.Ð which is coupled to the arrangement of the atoms. The atom s affected by this anomaly in the pertinent ® eld will be displaced so as to take on new positions with respect to their nearest neighbors. However, since the variations in this displacementinducing factor throughout the cr ystal are not necessarily periodic they do not necessarily produce a superlattice. W hen this random localization occurs, the arrangement of the atoms at the displacement sites will be distorted relative to the``Bragg' ' structure indicated by the diffraction peaks. As a result, the unit cell is now not an absolute but instead represents an average structure taken over the entire crystal, where the location of some (or even all) of the atoms with respect to their particular cell may differ from this aggregate ( Fig. 4c ).
This evolution of the underlying tenets of atomic scale structure is now ready to culminate with the idea that, in many systems, these local distortions are not necessarily isolated from each other within randomly distributed individual unit cells. Instead, in the nanom eter-scale regions of high concentration of the electronic/ato m ic structu ral factor w hich causes the shift from the average structure, the distortions around entire sets of atom s can collectively coalesce into domains possessing a substantially altered arrangement of the atoms (Fig. 4d ). On the atomic scale, the material is thus not accurately described by a single m ode of organizing its atoms or even by a single basic or average structure subject to local distortions. An accurate depiction of the structure will require the incorporation of two or even more discrete, intertwined, structures on the nanometer scale.
In the conventional context, the characteristics of a material have to be explained on the basis of the unit cell. This requirement that all the pr operties fo llow fro m a single, sm all, relatively simple, symmetric arrangement of atom s is often quite successful, but has also resulted in some amazing theoretical excursions in systems where this classic archetype is incorrect. Less radical and more accurate explanations can result from the application of local structural distortions, which allow the theorists more freedom in the derivation of target properties. But even this process, depending as it must on the behavior of individual atoms or isolated clusters of atoms within a single cell, is still excessively incomplete. W hat will m ost likely be the solution to understanding m any of the most intriguing systems of current and future interest is being aware that collective or cooperative behavior of groups of atoms sharing a certain attribute causes the material to be composed of multiple, distinct, nanom eter-scale dom ains exhibiting multiple, distinct behaviors and correlations, all intimately associated w ith in th e sam e substance. Unusual m acroscopic properties m ay follow because, in addition to possessing different structural param eters, these domains should differ from the m ajority or average regions in other ways and also because they will interact with each other as separate species within this interaction modulated by the intervening m aterial. Systems which are best described as multidomain would thus be expected to demonstrate sig-ni® cantly altered and un ex pected properties relative to ones that are more homogeneous on the atomic scale.
A lth oug h sugg estion s th at th is model best explains certain m aterials have often been extremely controversial and contentious, there are actually many examples of such structures. A classic one is the double layer m odel for an electrolyte solution at an interface. The solid surface is charged by preferential sorption of one of the ions in the solution. In response, the liquid phase in proximity to the interface will be depleted of ions with that same charge. Beyond this, a second layer will form in which the charge of the original, sorbed ion is again at a higher concentration. The circumstances resulting in such behavior are not necessarily unique. The critical factors in inducing domain form ation are (1) the presence of an atomic scale in-homogeneity; (2) som e system parameter affected by the inhomogeneity which induces collective behavior among the atoms by virtue of self-coupling, e.g., charge or strain; and (3) some reasonably low-energy mechanism for the transport of this param eter through the system so that it can aggregate into stable structures. These criteria can be m et in solids as well as the liquid phase. Additional good candidates for developing such m ultiple structures are therefore solids exhibiting conductivity and charge localizationÐ metallic ox id esÐ or solids th at are strained on the atom ic scaleÐ martensitic m aterialsÐ or m acrom olecules that possess m ultiple, almost degenerate, conformations which interchang e v ia lo w -energ y, anh arm o nic path sÐ b io m olecules an d polymers.
An imm ediate question, the answer to which provides further insight into these behaviors, is why this view is only now beginning to take hold in the face of intense controversy despite so m any examples of nanometer-scale texture. The answer lies in the historical tradition of structure determination by the m easurem ent and analysis of the Bragg diffraction peaks of the X-ray or neutron structure factor and the classical n otion ensuing fro m these peaks of a crystal com posed of an identical, repeated unit cell. Within this conventional context, the Bragg peaks of an X-ray/neutron scattering pattern are directly coupled to the arrangement of the atoms via Fourier transform ation of the atoms of the cr ystal lattice; the presence of diffraction peaks demonstrates the existence of a periodic lattice as previously de® ned ( Fig. 4 ). For this purpose, the lattice includes or is de-® n ed by th e n um erou s ( actu ally in® nite num ber of) arrays of parallel planes de® ned by sets of coplanar atoms. Each of these planes in a particular array is identical in the types and numbers of atoms from each unit cell it traverses. Interference between the X-rays/neutrons scattered off the atom s composing one of these m atrices of equally separated focal point planes is the origin of the diffraction pattern. Because each atom will be within m any different planes, the relationship between the locations of the atom s and the lattice is such that, in this model, the atoms of a perfect cr ystal r esid e at th e inter sectio n points of the planes.
Adding``local'' structure to this model means displacing atoms from their positions within the simple or primitive unit cell, as illustrated in Fig. 4 . The magnitude of this effect ranges from one particular atom in a small fraction of the cells to virtually every atom in the crystal. Now the Bragg diffraction peaks represent the positions of the atoms averaged over all the unit cells sampled by the probe while, locally, there m ay be distortions of the actual positions of the atoms relative to this average. In these cases the coincidence between the atoms and the``lattice' ' is no longer absolute. The planes of the lattice now do not pass through coplanar sets of atom s but are instead de-® ned by m inimizing the sum of the distances betw een th e plan e an d those atom s not in the plane that nevertheless would be in it by virtue of being the right type of atom in the right unit cell if all atoms in the cr ystal were at their average positions or the same position in the unit cell. However, because of the difference in scale between the unit cells and the cr ystal, so that very large numbers of unit cells are involved, the planes for a given array are still parallel and still equally spaced, and their paths through the crystal with respect to the unit cells through which they pass are still the same and still restricted by the same symmetry rules of the space group. Local structural distortions do not result in m odi® cation or disruption of the lattice or even m osaic spread within a cr ystal. In addition, and of critical importance, is that the effects of these displacements on the diffraction pattern can be minimal. The positions of the peaks are conserved, with only the relative amplitudes affected and only by an amount proportional to the number of atoms involved in the distortion. Especially in powder patterns for Reitveld analysis, the data m ay not extend to a Q range (momentum transfer, derived from the angle of the diffracted beam) high enough for the amplitude of a set of peaks to increase again after going through the beat caused by the presence of the two distances, which is thus easily overlooked. Signatures of local distortions will occur in the diffuse scattering, but this is dif® cult to both measure and analyze and is not included in the conventio nal analy sis of the B ragg peaks. 3 3 ±3 5 In add ition , af ter the Bragg peaks are used to assign the space group, adherence to the symmetry rules prevents the identi® cation of local distortions that lower the symmetry.
One of the best examples of the contrast and complementary nature of long-range and local structure is Boyce and Mikkelsen' s com bined XRD/XAFS study of the pseudobinary alloys (Ga x In 1±x )As, Zn(Se x Te 12 x ), (K x Rb 1±x )Br, and Rb(Br x I 1±x ), which all form random solid solutions over the entire composition range. 36 In traversing the full composition range, it was found that the lattice constants determ ined by th e Br ag g peak s which de® ne the average unit cell followed Vegard' s law, i.e., changed linearly with composition between the limits of the two binary compounds. However, the XAFS measurements showed that, while this pattern w as o ccur rin g, in divid ual bond lengths changed by a factor of 2±5 less. Vegard' s law does not give a true indication of the actual behavior of the arrangement of the atoms. In fact, the basic assum ption of a periodic lattice is completely wrong. Despite the observation of good diffraction peaks, none of the atoms in the cr ystal are necessarily spatially related to each other as they are in the average u nit cell d eter m in ed from diffraction, with its continuous, intermediate interatomic distances. Instead, there are as many differently sized and shaped cells as there are permutations of the unit cell stoichiometry, and packing effects result in second-order distortions and changes in the bond lengths even in these. In forming the cr ystal by ® tting the random ly ordered differently sized and shaped cells together, it is likely that the m ajority of the atoms com posing it are not located on the lattice despite the fact that the lattice, as determined by diffraction, is still conserved as an excellent param eter for the system. However, while the lattice is real, the unit cell of which it is assumed to be composed and the space group symm etry are simply constructs that are useful approximations of the actual arrangement of the atoms.
The extension of local structure to nanometer-scale domains and texture follows naturally from the fact that the distortion-inducing factor originates in individual atoms that are randomly distributed throughout the system. There will thus be regions w here the con centr atio n o f this atomic factor and its resulting local strain or charge or order ® eld, for example, will be higher, and others where it will be lower. Interesting behavior in terms of both structure and bulk properties will occur in the stoichiom etr y r an ge w here th e amount of this factor is suf® ciently high to ensure that the ® elds it generates will be in contact with each other in the regions of locally high concentration but still low enough to ensure that they are not always in contact, leaving many of the atoms in the system outside the range of the ® eld. This type of behavior can therefore occur in systems where the co ncentration o f, f or exam ple, a trace element is quite m odest, if the ® eld it induces is large. Subject to the requirements that the strain at the interfaces should be minimal and that there must be a low-energy path between them, it could now virtually be expected that the different attributes of the two types of regions will produce different arrangements of their constituent atoms. Their nanom eter scale follo w s im m ed iately from the size over which the random distribution is expressed, on the order of several 2±5 A Ê lattice constants, which equals 1±3 nm . Since this range is at or just below the limit for diffraction, especially because the ® nite thickness of the domain boundaries will further reduce the size of the ordered structure, the presence of these structures need not be revealed by Bragg peaks but only in the diffuse scattering. However, self-coupling of one of the structures and the resulting tendency to link with itself will produce a coherent network extending through the cr ystal, falsely suggesting from the diffraction pattern that the crystal is of the conventional, homogeneous sort with the atoms arranged as indicated. The requirement that the density of the different structures be equal (or at least quite close) is easily met by having the two structures transform into each other via a normal vibrational mode of the central atom which conserves the atom ic volume. This condition also ful® lls the requirement for a minimal energy difference and path between them.
The conceptual problem of getting acceptance for this m ore accurate view of structure is exacerbated by the fact that the analysis m ethods for diffraction are so advanced in terms of their degree of autom ation that many of its practitioners are unaware of the possibility of these complications. Almost all structures are still reported as if the atom positions found from conventional analysis of the Bragg diffraction peaks actually describe the structure, even in cases where dilational strain or un® lled electronic states must produce sig-ni® cant structural distortions. Within the conventional structural analysis context there are no obvious indications for the presence of m ultiple domains or texture, and structures can be obtained with very good agreement with the diffraction data. The signatures for this behavior occur in the data from the local structure measurements. The essential point is that diffraction patterns and XAFS/ pair distributio n fu nctio n (P D F ) measurements are sensitive to different length (and time) scales and therefore probe different, complementary aspects of the cr ystal structu re. 3 7 ±4 0 D iffractio n o btain s the long-range average structure; XAFS and PDF data elucidate the positions of individual atoms that may differ from this average. Obtaining different results by the different methods is a problem only if the local structure on average disagrees with the diffraction-based structure in ways that cannot be accounted for by the necessity of conform ing to the symmetry rules.
Cuprate Superconductors. Because nanoscale multidomain systems are most easily, or only, iden-ti® ed by local structure measurements, XAFS has played a prominent role in those which have been discovered to date. One example is the identi® cation of``stripes' ' in the cuprate superconductors. The initial steps in the former were the original ® nding of axial-or apical-centered lattice distortions by XAFS 41 and neutron PDF. 38, 42 A signi® cant fraction of the oxygen atoms in the CuO 2 planes were subsequently added to the number and types of distorted sites. 43 Additional indications of lattice instabilities involving rotations of the co pper±oxy gen o ctah ed ra came from NMR 44 and scattering measurements 45 and those involving the other cations from XAFS and scattering, 46 and there had often been hints from scattering data of the presence of superstructures that were near the noise level and dif® cult to repr odu ce. T he incorp oration o f charge localization m anifesting itself as multiple types of Cu sites in this metallic oxide assisted in explaining certain aspects of other spectroscopy measurements and has ver y recently also been used in calculations consistent with the d-state superconductivity. 47 The Italian group expanded on these earlier experiments by interpreting the two-site distribution of Cu±O apical bonds they obser ved in th eir Cu K X A F S spectra fro m Bi 2 Sr 2 CaCu 2 O 8 48 and La 2 CuO 41 d 49 as a function of temperature 50 in terms of polarons in the CuO 2 planes and realizing that their num bers were suf® ciently high to indicate that they had to be interacting with each other. Combining this idea with the possibility of superstructures led to the suggestion of``stripes' ' , aggrega-tions of the static polarons into parallel, regularly spaced, one-dimensional dom ains that are of approximately nanometer widths. 51, 52 This group proposed that the``distorted' ' domains containing the static polarons possessed a short Cu±O apical bond and the CuO 4 units in the plane were distorted in a similar way to that found in the insulating, lowtem peratu re tetr ag onal phase of L a 1 . 8 7 5 B a 0 . 1 2 5 CuO 4 w ith elon gated Cu±O bonds, and that the``undistorted'' ones possess a long Cu±O apical bond 53 and that the CuO 4 units in the plane were distorted in a similar way to that found in the low-temperature orthogonal phase of La 2 CuO 4 . These distortions result in a different mixing of the d orbitals in the different domains, giving different electronic structures to the two domains. The distorted phase is described as a onedimensional generalized Wigner polaronic charge density wave resulting from the condensation of the polaron gas, while the undistorted phase is`a Fermi liquid con® ned in a superlattice of quantum stripes' ' separated by the d om ains o f the d istor ted structure. 51 T he superc onductivity then follows from the coupling between these two states. 54 The discrepancy between this interpretation of the XAFS results and standard XRD m easurements that did not ® nd such distortions was attributed to the slower time scale of the diffraction measurements m ethods and the putatively transitory residence of the stripe on a given site. Later anomalous XRD measurem ents at the Cu K edge were interpreted as evidence for up to 0.5 A Ê c-oriented displacements of all the atoms within the stripes, including both the copper and the other cations, without discussion of the absence of such distortions in diffraction data. 55 M a n ga n it e C olossa l M a gn etoresistance Compounds. A second perovskite-type, m ixed valence, ® rstrow transition metal oxide where local structural distortions have been identi® ed 56 ±5 9 and nanom eter-scale domains will most likely be essential is the manganite colossal magnetoresistance (CMR) com pounds. Po-focal point larized Mn and La XAFS spectra on layered manganites indicate that, in addition to structural distortions involving the oxygens that are indicative of localized polarons, at least some of the cationsÐ most likely strontiumÐ are also involved in¯uctuations associated with the m etal± insulator transition. 60 Neglecting the fact that this observation suggests that the magnetic behavior is coupled to an order±disorder transition, the other interesting aspect of this result follows from the assumption that, although the cations between the MnO 2 layers and in the B layers may be somewhat enriched in one element vs. the other, within the layers they are randomly distributed. This m eans that there will be areas on the order of ten or a few tens of A Ê ngstroms that are strontium enriched and others that are strontium poor. Simple electrostatics suggests that the polarons in the MnO 2 planes will congregate in the areas of higher stron tium co ncen tration, fo rm ing nanometer-sized domains that could subsequently adopt a different structure from that without holes over its entire extent because of the different charge distribution. This pattern is directly analogous to the stripes in the cuprates, with the exception that these dom ains do not form and order spontaneously but are instead coupled to the arrangement of the cations in the neighboring layers. The cations are therefore part of these domains and probably also distort to for m a m o re exten ded str uctur e. There have been reports of texture in these materials, analogous to the cuprates. This result is also consistent with the photoemission spectra, the band gap of which can be interpreted as signifying the presence of sm all, isolated m etallic domains.
Plutonium. Possibly because of the in¯uence of the geometrically complex f electrons, in our studies of actinide-containing solids we have identi® ed several systems displaying these types of behaviors. One where we have suf® cient data to devise a detailed depiction of a m ultiple-domain system illustrating this type of model is in plutonium alloys, specif-ically, d -stabilized plutonium. This material is of current interest because of the technological importance of aging effects on the microstructure and properties. On the basis of its diffraction pattern, d plutonium was considered to be a well-ordered fcc metal, even in its alloys where dilational strain m ust exist because of a difference in size between plutonium and the alloying element. Recent XAFS and X-ray PDF measurements by our group have shown the presence of a second, bcc-like structure coexisting with the known fcc one ( Fig. 5 ), from the a phase boundar y up to some higher alloy element concentration, after which the samples appear to demonstrate fcc order locally as well as long range, as indicated by the diffraction patterns. The most likely reason that Bragg peaks for this bcc-like structure do not consistently appear in the diffraction patterns, whereas characteristic features are always easily identi® ed in the local structure m easurements, is that the bct-like domains are too sm all to diffract. On the basis of this supposition and the obser ved concentration dependence of the XAFS, albeit with respect to a limited number of samples, we have proposed that d -stabilized plutonium at concentrations of alloying element near the a ±d transformation boundar y actually consists of bcc/ bct-like dom ains embedded in an fcc netw o rk (F ig. 6) . T h e relative amounts of the two basic structures will depend to ® rst order upon the composition (or, equivalently, temperature or other parameters that feed back into the strain). The origin of the phenomenon is illustrated in the ® gure, where the strain ® elds around the low-concentration alloy element are more easily accommodated by one structure (the fcc) than the other (bcc/bct). The overlap of the gallium (or other trace element)centered, strain-induced clusters in regions of locally high strain locus concentration and the coupling of the strain to the arrangement of the atoms result in the form ation of larger fcc dom ains containing many gallium atom s in these areas. Self-cou-pling prom otes the linking of these dom ains into an extended, coherent netw o rk thro ug hou t th e cr y stal, which produces the diffraction pattern. The small, isolated, bct/bcc domains will diffract only poorly or not at all, so that they are obser ved only in the data from local structure m easurements.
The local structure phase diagram ( Fig. 5 ) suggested by the XAFS measurem ents may prove especially useful in these types of systems, allowing insights to which conventional, diffraction-based diagram s do not allude. Here we have derived the amount of ordered bcc-like structure from the m agnitude of the spectral feature caused by the near neighbor shell at 3.8 A Ê and the amount of ordered fcc structure from that of the feature re¯ecting the shell at 3.3 A Ê . Below ; 0.5 wt % gallium, only the a phase is present, becoming m ore ord er ed w ith decr easing galliu m concentration because of the difference in size and geometry. Above ; 1.0 wt % gallium, apparently only the fcc structure exists, becoming more disordered with increasing gallium concentration because of dilational strain (Pu±Ga ; 3.15 A Ê , Pu± Pu ; 3.28 A Ê ). Between these two bounds is a region of gallium concentration where the novel, bct-like structure coexists with the known fcc one. The bct-like structure apparently turns on quite abruptly, with this threshold corroborating the conjecture that it results from collective, self-coupled behavior of randomly located strain loci. It continues to increase m onotonically as the average distance between the strain loci increases and the volume of m aterial rem ote from the loci decreases with decreasing gallium concentration. The quantity of ordered fcc m aterial also increases from the m etastability upper bound because of the decrease in the amount of m aterial affected by the local strain ® eld around the gallium atoms with decreasing gallium concentration, until it peaks and then drops as the increase in the amount of bcc structure dominates. The two quantities need not add to a constant because the domain walls are likely Those pairs or shells that are extraneous to the fcc structure, at 3.8, 5.0, and 6.1 A Ê , are found at the same distances by both the scattering and absorption measurements. (Lower right) Schematic phase diagram for d -stabilized plutonium based on local structure measurements instead of the conventional approach using diffraction results. The abscissa re ects both the fraction of a particular phase in the material and the degree to which it is ordered. The two transition zones occur near 0.5 and 1.0 wt %, and the peak for the d -fcc structure occurs near 0.7 wt % gallium for PuGa. The classic description is incomplete and inaccurate near the phase boundary. The region where the fcc and bcc/bct-like structures coexist is where the material will be metastable. focal point FIG. 6 . Schematic diagram for postulated arrangements of atoms in (clockwise from upper left) a -plutonium and d -plutonium with low, medium, and high concentrations of the alloy element. Black dots are the alloy elements, surrounded by a distorted local cluster in green (which is distorted fcc for gallium). Red signi es the a phase, blue areas are bcc/bct-like d domains, cross hatches are fcc-like d domains, and grey areas are the interfaces between these ordered domains.
to be of a ® nite thickness as the fcc and bcc structures transition into each other via intermediates with other, less ordered, additional arrangements of the atoms. Larger num bers of domains, as well as smaller domains, will favor m ore of this intermediate.
This set of experiments constitutes one of the ® rst examples showing the underlying, atom ic-scale basis for texture, i.e., the ® ne and coarsè`t weeds' ' anticipating phase transi-tions and twin formation in m artensites and related m aterials. 61±64 The texture originates in the actual presence of two different arrangements of the atoms, the original one and a second one that anticipates the phase transition. In the case of d -stabilized plutonium it successfully explains many of the unusual behaviors observed in the metastable state, e.g., its large shear anisotropy, the chemical reactivity, and the negative then small positive thermal expansion co-ef® cien t w ith increasin g g allium concentration. 65 In addition, it even offers an explanation for the metastability, based on the coexistence of the two structures. With the use of the size for the local strain ® eld around the gallium determined by XAFS measurements at the gallium K edge, th e transfor m atio n fro m metastability to stability should occu r at the gallium co ncen tration where these local strain ® elds, on average, are just coming into contact, eliminating the possibility of bcc/bct domain formation. The 1.0 wt % gallium concentration where this occurs is within a few tenths of a percent of that where the inability to induce the transform ation to the a phase by temperature and pressure has given this value as the m etastability boundar y. This is also the gallium concentration where XAFS measurem ents ® nd samples containing both structures as well as ones that are only fcc locally, consistent with enhanced instability for this composition.
These results also suggest a m odel for aging effects based on classifying metastable d -stabilized plutonium as a m artensitic precursor/pretransformation material. In this context, the source of the strain which induces the transform ation is relatively unimportant, only that it be present. 61±64 The fact that the local structure around the gallium is distorted fcc is not the reason that it induces the fcc structure (the local structures around cerium and indium are not fcc). It is not acting as an fcc nucleation site, but rather it is simply that the fcc structure m ore easily adapts to any kind of local strain than the bcc/bct and its formation is thus prom oted by m any types of impurities and defects. The injection of the plutonium decay products into the lattice with time increases the concentration of local strain loci. Once the transformation from a to d has been accomplished, an effect which is speci® c to only certain alloying elements, the increase in the concentration of additives drives the m aterial to the right along the local structure phase diagram ( Fig. 5 ) until it is in the stable regime. A conventional phase diagram would offer no basis for explaining this behavior, but then diffr action m easur em ents w ould no t have revealed it anyway. If it seems counterintuitive that radiation effects would cause a material to become more ordered, it must be remembered that the m omentum transfer intrinsic to a -decay results in tremendous energy deposition into the lattice via the recoil nucleus. It has been estimated that these recoil nuclei have suf® cient energy to dis-place every plutonium atom from its original site in the cr ystal about once ever y ten years, which opens the possibility of annealing processes that could indeed result in a more ordered m aterial.
M agnetic Alloys. Further illustrations of these effects are offered by magnetic alloys. Certain fully ordered alloys can demonstrate large coercivities (PtCo, NiMn), 66, 67 giant magnetoresistance (GM R) (CuCo), or magnetization (Fe) 68 that are not exhibited in disordered m aterials of the same composition. Disorder in this case is a scale-dependent term, sin ce X RD m easurem ents o ften show narro w, w ell-de® ned Br agg peaks indicative of a highly symm etric and or der ed cr ystal. Tw o types of local ordering may exist that can be degenerate in terms of the average order (Fig. 7) . One of these is found in sputtered CoPt and FePt thin ® lms. 68 Co/FePt in as-prepared ® lms can be composed of domains of the hard ferromagnet, fully ordered, tetragonal, L 10 phase and fully disordered Co/FePt. Upon annealing, the material transform s via growth of the ordered phase nucleated at the preexisting ordered dom ains. In contrast, the structure of m olecular beam epitaxially deposited FePt consists of domains of partially ordered m aterial with the ordering inhomogeneous on the nanometer scale. The size of the partially ordered domains increases with increasing growth temperature. This second class of m aterials is m o re com p lex, characterized n ot only by an average order but also by local excursions from this average. In these binary systems it is not uncomm on for the atom ic ordering to be coupled to a structural distortion; e.g., a tetragonally distorted m aterial results from the ordering of the two elements into alternating planes (Fig.  7) . Nanometer-scale more ordered domains (of the element distribution) resulting from the random distribution of the two elements in the cr ystal m ay thus promote local structure distortions and locally turn on the requ isite electro nic corr elatio ns. W hat is of interest is the extent to which the ordering and the structural distortion m ay be locally decoupled in the disordered systems and thereby affect the magnetism. W hen locally disordered, as in thin ® lms fabricated by sputtering or evaporation, the properties of all of these materials tend not to track directly with the order, instead turning on abruptly at some threshold and then continuing to increase nonlinearly. The critical factor is apparently not this average order but, alternatively, local excursions from it that produce (som etimes anisotropic, e.g., PtCo) nanometer-scale dom ains whose degree of order over the extent of the domain evidently exceeds the threshold required for the electronic correlation producing the magnetic behavior. The m agnetic properties thus do not result from the average or bulk structure but from the existence of multiple, interacting structures exhibiting multiple properties all within the same crystal.
In partly annealed PtCo, we found tw o-dim ensional, Co-enriched dom ains p erp en dicu lar to the easy magnetization direction. 69 These domains were notable for their long, 2.64 A Ê Co±Co bonds, equal to the Pt±Co distances and only slightly shorter than the contracted (relative to Pt metal), 2.71 A Ê Pt±Pt distances in this m aterial. These distances m inimize the dilational strain, but the Co±Co bond and the properties of the Co-rich domains will be substantially altered from those of standard Co m etal.
A second illustration is the NiMn system. W hen this system is fully ordered it is antiferromagnetic, composed of alternating planes of Ni and Mn with a tetragonal distortion perpendicular to these planes, and exhibits high coercivity. These magnetic properties are not demonstrated by thin NiMn ® lms prepared by conventional techniques until after annealing. The relationship between the annealing (and the ordering expected from it) and the coercivity is, however, not linear, turning on at some threshold and then rapidly increasing. It is thought that the annealing is producing som e ordering in the materials which causes the focal point (Lower) The material exhibits an average order of 35% (solid, straight line), but there may be local excursions from this average (second solid line). If a certain property will manifest itself only above a certain order threshold (the dashed line), then it will occur in the materials possessing domains that exceed it, even if the average order is less than the threshold, but will not if this average order is homogeneous throughout the material. This property will go linearly with the fraction of ordered structure for the rst type of material, but will be more complicated for the second since it will depend on the ordering mode and distribution and not just the fraction exceeding the threshold. Local structure measurements will show this effect but diffraction will not. (Upper right) Schematic diagram for an example of this type of behavior, as occurs in NiMn. When fully disordered it is fcc (a and c, A is white, B is shaded), but when ordered (Ni and Mn in alternating layers) it undergoes a tetragonal distortion (b and d) . What is of potential interest is the extent to which these can be decoupled locally. It is possible that, because of the in uence of neighboring domains, a more ordered structure can produce only a modest tetragonal distortion (e), whereas this distortion may be larger in a domain ¬ which is actually less ordered with respect to the site occupancy of the two elements (f). (Lower right) The phase shift of a backtransform of the EXAFS spectra of NiMn, taken over a range in real space where the third and fourth shells are the major contributors and then lowered by 2kR eff . Calculated spectra (dashed lines) for (from left to right at 8-12 A Ê 2 1 ) the fully disordered fcc phase, and the 25, 50, 75, and 100% ordered structures, including both the tetragonal distortion and the element ordering. The solid lines are from two actual NiMn samples. The one to the right at 10 A Ê 2 1 is from a more annealed sample that exhibits higher coercivity, consistent with the calculated shifts. magnetic behavior. Some tetragonal splitting indicative of long-range order is occasionally observed in XRD measurements, but this relationship between the structure and properties is still unproven. Even if it is correct, the extent of ordering where the magnetism turns on is unknown. Comparisons of Fourier transform s among a range of samples and with XAFS calculated from m odel structures and cur ve ® ts suggest that high-coercivity samples fail to show signi® cant deviations from the disor dered fcc structu re. H ow ever, phase shifts obtained from simulations of XAFS data demonstrate that there is a distinct trend in the phase shift with increasing tetragonal and elemental ordering ( Fig. 7) . 70 Comparing these with actual data shows that the shapes and trends of the calculated phase shifts are duplicated in the real m aterials. Furtherm ore, with the use of this criterion, the sample with high coercivity is de® nitely more ordered than a sample where it is low, establishing the structure/ function relationship. On the basis of the XAFS amplitudes (and in contrast to the phase shift comparison in Fig. 7 , which suggests 100% ordering), the fraction of NiMn in the ordered phase is 15±40% . Since signatures for the tetragonal splitting were not found in the Bragg peaks, these domains must be too sm all to diffractÐ on the order of the expected one or two nanometers. These results indicate that the structures consist of sm all domains of the partially ordered phases that are separated by more disordered m aterial but are probably close enough to interact magnetically. That all the m aterial does not order upon annealing suggests that only those regions transform where the random distribution of the atoms results in regions containing the correct stoichiometry.
Additional data and calculations suggest the intriguing result that the relationship between the elemental ordering, the tetragonal distortion, and the m agnetic properties is complex. For the phase shift taken as described, calculations show that the position of the beat (the discontinuity at 8±10 A Ê2 1 ) is most sensitive to the amount of distortion, but the downward dip at 9 A Ê2 1 and other details of the shape are more re¯ective of the extent of elemental ordering. We have seen both types of behavior in actual data, consistent with local decoupling of the order and the distortion, but the dependence of the magnetic behavior to the two effects may be also different. It is possible that the coercivity follows from the tetr ag onal distor tio n but th e exchange is more sensitive to the atomic ordering. A caveat is that these may be secondary effects, re¯ecting the details of the¯uctuation sizes and the extents of the excursion from the average order that may be the prim ar y drivers for the electron correlation.
In summ ar y, the importance of local structure in condensed m atter is demonstrated by the growing recognition that in m any m aterials of current scienti® c and technological interest, e.g., shape memory alloys, ferroelectrics, etc., in addition to these systems just described, the special properties are directly coupled to the local deviations from the average structure. Ver y recent work is also beginning to provide consistent theories as well as additional data for how collective behavior of groups of atoms is responsible for the observation of``texture' ' as a precursor to structural transform ations and m ay also be the origin of m any other unusual transport, 4 9,50,71 m agnetic, 60 ,6 9 and structural properties 72 and their signatures in local structure measurements.
LOCAL STRUCTURE AND CHEM ICAL SP ECIATION IN ENVIRONM ENTAL SCIENCE
A second area that has also seen substantial advances in the last several years has been environmental chemistry. Beginning from a base of near zero just ten years ago, this ® eld is perhaps the fastest growing application of XAFS. One fascinating aspect of this type of work has been that, in contrast to the relatively pure science represented by nanom eterscale texture, the technology, society, and, policy drivers are often as prom inent as, if not more prominent than, the scienti® c ones.
The principal issue in much of environmental science is the fate of substances produced by human activities that sub sequ en tly are or eventually will be released into the environm ent. If these or their analogs do not occur naturally or if they are already present but are introduced in such large amounts that they overwhelm the natural systems which would norm ally effect their degradation or elimination, then they will accumulate, jeopardizing the exposed ecosystem. If this outcome is to be prevented, then such substances must be eliminated or contained. W here the economic and political cost of complete m itigation is to o hig h, the dam ag in g co nsequences may be alleviated as m uch as the available resources allow. This situation has occurred with the DOE weapons complex remediation and restoration effort, which has altered focal point its objective from the regeneration of the original, pristine``green' ' ® elds to less salubrious but still adequately safe``brown' ' ones as the projected costs of the cleanup effort have risen and the political urgency has diminished.
Technological progress, notably in analytical chemistry, has rendered the situation more dif® cult. Since statistical risk analysis is less intuitively satisfying than the facile notion that a healthy environm ent results only from zero human impact, the ab ility to d etect increasin gly miniscule amounts of contaminants has m ade rational deliberation increasingly arduous by lowering the de® nition of this``zero' ' totally out of proportion with any tangible effects. It has thus become essential to increase the rationality of the debate and hopefully devise better methods for th e allo cation o f lim ited resources by understanding in simple ways the factors determining the true hazard posed by contaminants, so that the limited resources available can be used m ost effectively to deal with real and urgent problems as opposed to those projecting the most noise. Recognition is growing that an essential factor in undertaking this type of evaluation is the chemical speciation of the hazardous elem en t. F or n ono rganic sy stem s, where the element by itself, and not complex compounds of it, is dangerous, XAFS is becoming the method of ch oice in m any application s. These include its use as a simple but high-pow ered analytical chem istr y tool for the rapid identi® cation of chemical speciation in complicated matrices as well as its employment in fundamental studies of geochemical processes and the development of waste remediation and disposal processes and m aterials.
The importance of chemical speciation is easily demonstrated for all these aspects of environmental science. If the hazardous element is present in the environment in an inert form that is not biologically active and will not be transported to other areas, remediation can be assigned a low priority or possibly be deemed unnecessary. Even when the element is in a toxic form , if it can be shown that its dissemination from the site of contamination will be slow, then the urgency for its rem oval is diminished with respect to consideration of other sites. Transport is also a criterion in the licensing of waste disposal sites, which must contain the hazardous elements long after the projected degradation of their initial con tain m en t sy stem s. The separation of a sm all quantity of a hazardous substance from a large volume of inert material so as to reduce the volume of the waste stream is a frequently occurring task. The material under consideration can be a soil, and the element can be a contaminant which is hazardous, or it can be a contained waste stream and the species relatively innocuous but capable of interfering with the conversion of the waste into a form more appropriate for elimination or long-term storage. In these cases, the development of an appropriate separations scheme will depend upon the speciation of the target element.
XAFS possesses several characteristics that make it almost uniquely useful in these applications. It is element speci® c. The spectra of different elements in a sample can be obtained separately by m easuring the absorbance of the sample over an energy range that encompasses the selected absorption edge of the target element and, when energy-dispersive detectors are available, also by tuning them to the correct range. XAFS determines the valence of the central atom being probed and its local environm ent or radial structure function in terms of the atomic numbers of its neighbors (Z), their distances from the central atom (R), and the num ber of each type of atom at each distance (N ). The valence is determined from the XANES on the basis of a combination of the energy of the principal absorption edge and specific spectral features associated with the various valences. The precision of this m ethod is more than suf®cient to ensure that differences of one in the formal oxidation state are typically identi® ed unequivocally.
Fractional changes or the determination of m ole fractions in m ixtures can often be determined to a few tenths of a charge. XAFS also determines average local structure up to 3±8 A Ê from the absorber in terms of the types of neighbor atoms around the absorber, the distances to them, and the number of atoms in each of these shells, as well as other information on the distributions. The accuracy and precision of these metrical param eters determined by cur ve ® tting are typically Z 6 3±5, R 6 0.01±0.04 A Ê , and N 6 10 ±35%, depending on the data quality and the source of the phases and amplitudes used in the cur ve ® ts. The accuracy and precision can both be further improved either by basing the analysis directly on phases and amplitudes from standard compounds that are good chemical and structural analogs of the unknown com pound or, indirectly, by using standard com pound spectra to normalize and correct calculated phases and amplitudes. An importantÐ in fact, essentialÐ point is that XAFS is m uch m ore effective when used on a com parative rather than an absolute basis, i.e., to determine the differences between an unknown compound and a closely related, w ell-ch aracterized one o r changes to a species in a sample resulting from temperature, pressure, and chemical param eters or from a particular chemical treatment.
The importance of these factors for application s to en vir onm en tal chemistry is that these param eters are exactly those that de® ne chemical speciation and that these precisions are usually suf® cient to detect changes in the coordination environment of the central atom involving as few as one of the near neighbors. Thus the information obtained from XAFS is synonymous with chemical speciation, making it an exemplary and incisive method to use for determining the speciation of selected elements in unknown systems. In addition, it also possesses other advantages. The elemental speci® city precludes interferences from other compounds and m eans that little or no sample preparation is required, elim-inating the possibility of inadvertently altering the speciation during separations processes. In combination with the penetrating capability of X-rays, this factor m eans that XAFS is ideal for complex or dif®cult samples. Even Hanford tank sludges, containing dozens of elements in a dense m atrix and on occasion emitting enough beta and gamm a radiation so that holding samples sets containing a few grams of sludge against our bodies would have given us our total allowed annual radiation dose in several m inutes, relinquished speciation information on multiple elements after we had simply scooped the sludge into our standard holders. Since the core electrons are only negligibly in¯uenced by m olecular properties, the absorption cross section is an atomic property and there are no spectroscopically silent atoms nor is it insensitive to poorly cr ystalline phases or domains, as occurs with electron microscopy. XAFS spectra never reect an yth in g bu t a p op ulationweighted average for the target element. For environmental chemistry, this last attribute is frequently an advantage; the m ost important species of hazardous elements are most often the m ost prevalent ones. Especially in combination with other spectroscopies that are species sensitive rather than identifying, i.e., ones that give a unique spectral signature for each species which does not directly indicate the speciation and which m ay n ot in dicate the relativ e amounts of the different species, XAFS has been found to be an essential tool in the box of many environmental scientists. For this reason it is one of the core methods of m o lecular en vir onm en tal science, which is attempting to bring m any of the tenets and prem ises of structural biology to environmental studies. 73 This claim will be illustrated by a number of examples.
Actinide Valence Identi® cation. The correlation between the XANES and central atom oxidation state in samples relevant to environmental chemistry is illustrated by some of our work on transuranics. In pro-gressing from Pu(0) to Pu(VI) the general shift of the L 3 (and other) edge to higher energy with charge because of the increase in the ionization potential is quite conspicuous (Fig. 8 ). 74 Because it is dependent on actual charge rather than for m al charge, this shift is nonlinear, actually exhibiting a pause between (IV) and (V) that may re¯ect the covalency of the short Pu5 O bonds of thè`p lutonyl' ' moiety, which is the normal structure for this and higher valences. However, the lower intensity of the absorption peak at 18 065 eV (also called a``white line' ' because the high absorbance leaves a white streak on spectra captured on ® lm) and the distinct shoulder on the white line at 18 080 eV easily distinguish the two oxidation states. T hese features are retained fo r Pu(VI), and this pattern is repeated for americium, although the energy differences are slightly lower for this higher Z element. It is also quite independent of the chemical form of the plutonium , with identical results occurring for nitrates, carbonates, carboxylates, and oxides both in solution and in solids.
We have successfully applied this method to determining the plutonium valence in zirconium-based synroc-type compounds, which are candidate long-term transuranic disposal form s. 75 These perovskites should be good hosts for transuranics, allowing for high loading levels and m inimizing the quantity of waste form required, are readily synthesized at relatively modest temperatures, and are relatively inert. Developm ent work is under way with the objectives of controlling the incorporation of the transuranic into the speci® c site and in the speci® c valence, so that the ® nal m aterial will be optimized with respect to loading and stability. This control is putatively obtained by a combination of stoichiometry for the site and synthesis conditions for the valence. Neptunium is apparently unaffected by the atmosphere, but the plutonium valence responds in exactly the way intended (Fig. 8) . Technetium is also affected by the reducing or oxidizing tendency of the atmosphere.
The assignment of these spectral features is now well understood following both calculations and experimental m easurements. 27, 28, 74 XAFS is directly analogous to other absorption sp ectro scop ies, e.g., U V-v is, obeying dipole selection rules. Apart from the experimental methods, the two main differences are that the initial state being probed is a core state rather than the highest occupied one and that the photon energy is very large relative to the ionization energy. The ® rst-order issue in the interpretation of XANES has therefore always been the assignm ent of the ionization energy, since features occurring below this energy are to formally bound ® nal states and features above it are usually continuum ® nal states with assignments occasionally m ade to m ultielectr on p rocesses. There are many examples of spectral in terpr etatio ns assigning features even up past the absorbance m aximum to bound ® nal statesÐ ignoring the fact that this approach resulted in a difference between the highest occupied state and th e ion izatio n threshold on the order of 20 eV. However, over the last few years increasingly accurate calculations have now m ade it quite dif® cult not to accept that the correct location of the ionization threshold is the low-energy region of the leading edge of the principal absorption rise. Thus, all of both the peaks and valleys, except in some cases the lowest energy peak or shoulder but including the absorption m aximum , apparently belong to the extended ® ne structure. The fact that they are the ® rst one or two EX-AFS oscillations belies the idea of near-edge structu re in ter m s of bound ® nal states but does explain those instances where a correlation has been found between the position of a spectral feature near the edge and a certain absorber±neighbor distance in the structure. Their explanation in terms of resonances involving scattering paths of the low-kinetic-energy photoelectron is thus at least partly correct; multiple scattering need not necessarily be invoked. 
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FIG. 8. (Upper right) Pu L 3 XANES of the aquo species of Pu (III, IV, V, and VI). There is a trend towards higher energy with increasing charge. The trans dioxo-cation structure in the (V) and (VI) states and the presence of two Pu-O distances result in the shoulder just above the main peak for these valences. (Lower left) Because the details of the speciation and local structure are second-order effects for actinides, the XANES can be used to determine valence in other systems. In this case, the XANES demonstrates that
(Right) The EXAFS of these same aquo species shows both the known and some unexpected features of the local structures. The bond length of the highly symmetric (III) and (IV) aquo complexes contracts by 4% with the increase in charge, while the number of ligands is conserved. The ''-yl'' oxygen atoms of the trans dioxo-cation of Pu(V, VI) are easily resolved from the equatorial ligands because of the large separation in distance. The length of the double bond contracts by 0.07 A Ê with the increase in charge. The equatorial coordination of the (V) state shows a signi cantly smaller number of aquo ligands at a longer distance than that of the (VI), which is not yet understood.
For the plutonium spectra, we have recently performed calculations demonstrating that the reduced intensity of the absorption maximum and the shoulder on its high-energy side which is associated with the trans dioxo-cation unit results from the two frequencies associated with the short plutonyl (Pu5 O) and the longer, singly bound, equatorial Pu± O distances. 74 Interestingly, although the L 2 spectra are identical with the L 3 , because of its different phase behavior these peaks in the L 3 edge spectrum are dips at the L 1 edge. Be-cause these``w h ite' ' lines h av e turned``black' ' , care must be taken in characterizing the edge features by cur ve ® tting with only positive Gaussians/Lorentzians and in interpreting the in¯ection point. It is also essential to revisit those systems, e.g., platinum, where an often excellent correlation of the L edge white line intensity with the actual charge on the central atom has been attributed to an increased number of holes in the d ® nal state of the allowed transition. 22 Cur ve ® ts of the EX AFS of the aquo species also reveal their metrical parameters (Fig. 8 ). The single shell of the (III, IV) com pounds is easily distinguished fro m the two shells of the (V, VI) trans dioxo-cation com plexes with their two short, doubly bound oxygens and equatorial oxygens at longer distances in the plane norm al to the apical axis. The num ber of coordinated waters is identical, or at least quite close, for the (III) and (IV ) species. M ore surprising is the ® nding, for the (V) com plex, of a signi® cantly low er num ber of equatorial ligands at a longer distance than that for the (VI).
Uranium in Soils. An example of this type of application of XANE S to an actual environmental problem is our work for the Fernald Environmental Management Project. 76 Fernald was the site of the plant of the DOE weapons complex that processed uranium. When it ceased operations after close to forty years of use, the soil of locations on the site such as the loading area, which had been subjected to m any spills, was contam inated w ith up to sev er al thousand ppm of uranium. Sponsored by DOE ' s Of® ce of Technology Developm ent, a num ber of R&D projects were initiated in an attempt to develop a cost-effective method for washing the uranium out of the soil. Even if accurate records of such spills had been m aintained, decades of weathering ensured that the uranium speciation would be substantially altered from its original forms. UV-induced¯uorescence and electron m icroscopies showed that the visible uranium was present as discrete particles adhering to the m ineral grains of the soil. These methods, however, could not elucidate the exact identities of the uranium species, b eing lim ited to ® nding`g reen' ' and``red' ' emitters or, with the use of transmission electron microscopy, sampling only an extremely small fraction of the uranium -containing solids present and only the cr ystalline domains of those. XAFS was selected as one of the primar y characterization techniques, marking the ® rst time it was to be used as a routine analytical tool for a project of this magnitude.
Success quickly followed. Even with the use of the transmission mode on soil samples prepared by removing pebbles and grass stems and then lightly grinding with a m ortar and pestle, spectra showing the characteristic``-yl' ' shoulder of the trans dioxo-cations were easily obtain ed . T h ese dem on strated th at . 80% of the uranium in the original samples from four different locations on the site occurred as U(VI). Analysis of the EXAFS region found U± O distances typical of U(V I) oxo-ligated complexes and also suggested thatÐ equating depth with timeÐ the cr ystallinity of the m aterial increased with age. This ® nding was important because it was able to immediately eliminate from consideration proposed separations methods targeted at the chemical or physical properties of U(IV ), which was arguably the stable oxidation state of uranium under the site conditions. Interestingly, however, higher proportions of non-UO 2 U(IV ) were associated with certain soil components (Table I) . Another ® nding was that the uranium-containing solids tended to be highly disordered, with identi® able features occurring only for the ® rst, directly bo und near est neigh bo rs (which were always oxygen) in m ost cases. This factor rendered the elucidation of the details of the speciation of the uranium beyond the proportion of U(VI) dif® cult. U±O equatorial distances almost always fell between 2.3 and 2.4 A Ê , also failing to produce any distinguishing features.
Following this initial characterization, XAFS was also used in the d ev elo p m en t o f th e so il-w ash in g m ethods. In addition to the com m on m ining m ethod utilizing citrate as a co m p lex ing agen t, such p h y sical separation m ethods as density and the (hopefully) more selective complexant Tiron in conjunction with dithionite were all tested. It was quickly recognized that the uranium sp eciatio n w as in ho m og en eo u s, with the chemical separations readily rem oving the bulk (up to virtually all, in sam ples from certain sites) of the uranium , leaving behind a m uch m ore intractable fraction. In the XAFS spectra this process resulted in a diminution of the``-y l' ' shoulder in the edge and a reduction in the am plitude of the contribution of this shell in the EXAFS, indicative of the selective loss of U (VI) and an increase in the U(IV )/U(VI) ratio as a result. In order to quantitate this effect, we devised a m ethod using the XANES that retained high accuracy even with noisy data fro m sam ples with the low uranium concentrations occurring after the soil washing (Fig. 9 ). The energy of the absorption edge could not be obtained w ith suf® cient accuracy because the usual process for overcom ing m onochrom ator and beam drift by m easuring the spectrum of a uranium m etal calibration standard simultaneously with the sample was prevented by the rapid oxidation of uranium m etal on exposure to air, even when there was protection by a ® lm of acrylic resin. The use of UO 2 or som e other oxide would suffer from the change in the incident beam intensity when the uranium in the sample absorbed the X-rays, and the absorption edge of other, more stable, elements was too rem ote for good m onochrom ator reproducibility. This problem of getting a reliable edge energy was solved by always assigning the inection point of the sample spectrum to the same energy and then cur ve ® tting the edge with a particular com bination of Gaussians and an arctangent. The position of the Gaussian corresponding to the``-yl' ' focal point shoulder, which can be found with hig h accu racy even in relatively noisy data, then tracked the U(IV )/ U(V I) ratio. This approach is simply a shorthand method of calibrating by using this spectral feature, which is ® xed in energy because the ionization energy of U(V I), which determines the absorption edge energy, and the U±O distance of the trans dioxo-cation moiety, which determines the position of the peak within this U(VI) context, are relatively invariant, analogous to plutonium. The important parameter is the separation between the in¯ection point of the absorption edge and the energy of this feature, which increases with increasing U(IV). The advantage of this m ethod over, e.g., curve ® tting with two spectra and ® nding the ratio by Beer' s law is that it is independent of such dif® cult-to-reproduce experimental parameters as resolution and is relatively insensitive to the possible presence of other uranium species that m ight have som ew hat altered spectra. T he r esults from this m ethod and EXAFS cur ve ® tting (Table I) con® rm ed the presence of an easily removed U(V I) fractio n and a m uch m ore in er t U(IV) compound that was not UO 2 .
Ultim ately, none of these soilwashing m ethods were used at Fernald. Because of the anticipated cost of all the proposed schemes, the imm ediate problem was solved by loading the m ore heavily contaminated soils into drum s and trucking them to a chemical waste dum p for inde® nite storage. However, over the two-and-a-half year period when we were performing the experimental part of this project, spectra from almost 60 samples were obtained and subjected to this analysis of the edge and two-shell axial/equatorial oxygen cur ve ® ts. Once established, m an y m o r e ad d itio n al sam ples could have been run for only a nominal increm ental cost. The feasibility of XAFS as a routine, albeit complicated and high-powered, analytical tool for the determ ination of average chemical speciation in complex environm ental samples has FIG. 9 . The development of a method for determining U(IV:VI) ratios that is sufciently sensitive for washed Fernald soils containing only a few hundred ppm of uranium was based on (lower) tting the features of the XANES, including the shoulder just above the main peak, which is attributed to the dioxo-cation species that occurs only for U(VI), and then using its energy when the in ection point was xed. (Center) Calibration with a mixture of UO 2 and meta-autunite yielded a straight line with signi cant uncertainty only at the U(VI) lowest concentrations where the intensity of the peak is very low. With only a few exceptions, this technique was accurate to within approximately 6 10% when tested with a number of standards possessing a range of local structures. It also showed that uranium in tank sludges and from cribs at Hanford was similar to that in soils at Fernald. (Upper) The application of this technique to the analysis of washed Fernald soils showed that certain soil components had higher quantities of U(VI) species and that the general effect of washing was to remove more soluble U(VI) while leaving the less soluble U(IV) in the soil. focal point thus been amply dem onstrated, and additional work of this type can be anticipated.
H igh-Level Waste Separations an d Im m o b ilization : H a n fo rd Tank Sludges. A second example of X A F S as an an alytical m eth od, which we hope will generate more bene® ts than our work for Fernald, is in the development of washing an d separatio ns schem es fo r the treatment of the high-level wastes in the tanks at Hanford. These are the infamous ; 180 tanks containing 50 million gallons of high-level waste resulting from almost 50 years of producing plutonium at the Hanford site. Without separation of the m ostly inert com ponents of the waste from the actual, radioactive ® ssion products and residual actinides, vit-ri® cation of the total volume of waste would result in enough glass logs to ® ll the proposed waste storage site at Yucca Mountain several times over. However, it would be dif-® cult to overestimate the extent of this problem. The tanks, containing a m ixture of salt cake, sludge, and supernate, perhaps bear m ore resemblance to an archaeological site than one for waste storage. Many plutonium separation methods and other processes were used, and wastes were deposited over time as strati® ed layers. Although stories that the occasional contaminated lathe was disposed of by dropping it into a tank are doubtless apocr yphal, we have analyzed sludges from tanks where the initial activity of a waste batch was so high that, after concentration, the solution was boiling when it was pum ped into the tank and continued to do so until dr y. Between the ® ssion products and the processing reagents, most of the elements of the periodic table are present, enorm ously complicating the disposal process, especially because of the heterogeneous distributions. The volatility of, e.g., technetium (VII) will effect its partitioning into the gas phase during vitri® cation. 77 Chrom ium, although not intrinsically hazardous when reduced, is only poorly soluble in the proposed borosilicate glass m edium and therefore m ust be maintained be-low a certain concentration to produce glass logs of the requisite m echanical properties. On testing, alkaline washing schemes were found to effect the removal of the chromium from some sludges but to be futile for others. Since chemical speciation was the obvious culprit in this variable behavior, XAFS was chosen to try to determine it. The bene® t of the ease of sample preparatio n for th ese m easurem ents is very important in this work, because sample handling procedures beyond simply placing the samples in a holder would obviously raise the cost of analysis to a prohibitive level.
T he X A F S m easu rem en ts con -® rmed the conjecture that Cr(V I) was easily rem oved by the washing process and Cr(III) was the inextractable form . The intense 1s®3d transition in the noncentrosymm etric tetrahedral geometry of Cr(VI) is easily m easured, and its area is an accurate m etric for the Cr(VI)/Cr(III) ratio with the use of Beer' s law. However, the EXAFS provided additional information. EXAFS of the Cr(VI) species fails to show any extended str uctur e beyo nd th e ® rst shell, a result also found for pure chromate samples. The Cr(III) form does show shells of neighboring atoms beyond the ® rst, but the pattern is not that of chromium (III) oxide. The presence of other elements that overlap the¯uorescence even when one is using solid-state detectors limits the data range, but, with additional inform ation from electron-induced X-ray emission, the EXAFS is consisten t w ith the chr om ium bein g present as a trace element in an aluminum or iron-bismuth oxide host. The latter would be especially intractable towards chemical extraction, but might be more amenable to separations based on density.
These examples illustrate one of the critical issues in environmental chemistry. Hazardous species m ay interact with the bulk substances in the system in two different ways. They can precipitate from solution as their own, relatively hom ogeneous compounds, as we observed with Cr(VI) in tank sludges and uranium in Fernald soils and Hanford soils and tank sludges, or they can do so by substituting as a trace element in a compound composed of other elem en ts or sp ecies, as f oun d f or Cr(III), strontium, and possibly nickle in tank sludg es. 7 8 In th e for m er case they will behave as the known, pure compound, allowing accurate predictions of the conditions under which it may dissolve, be transported, and reprecipitate. In the latter, their initial response to changing conditions will be as the host compound, being released upon its dissolution. Following its release, the target species may subsequently remain in solution or immediately reprecipitate in some other form , as can be calculated on the basis of the pertinent formation and solubility constants for the system. However, since therm o dyn am ic equilibrium cannot be attained until the species is extricated from its host, surprises may be expected.
Uranium in Waste Glasses. The same two uranium oxidation states discussed above also feature prominently in high-level waste disposal. Vitri® cation has been proposed as a high-level waste form on the prem ise that glass is already disordered and thus will be unaffected by the amorphization associated with radiation damage. This assumption can be cleverly tested by substituting Pu-238 for Pu-239 in the synthesis of the glasses. The shorter half-life of this rare isotope means that radiation effects will accumulate some 300 times faster than is the case when these materials are actually used in waste disposal. XAFS m easurements ( Fig. 10 ) showed that the uranium in a low-dose sample was prim arily still in its original (VI) state, with short U±O equatorial distances consistent with coordination to terminal, singly bound oxygen ligands or perhaps to the oxygens of the silica fram ework. 79 Another interesting ® nding was that, consistent with the previously discussed work on glasses, it apparently had form ed a directly linked precolative network with itself, demonstrated by the presence of The effect is not linear with dose but is initially rapid and then occurs much more slowly. The uranium in Pu-238 spiked zircon, which is all from the decay of the plutonium since no uranium was present initially, is highly reduced. (Center) The XANES results are corroborated by the EXAFS. Reduction to U(IV) is observed as the loss of the ''-yl'' oxygen at 1.8 A Ê . At low radiation doses, a U-U interaction is observed, which indicates that the uranium, which is the only species in the glass with the highly distorted structure of the dioxo-cation species, is partly oligimerized, forming a percolative network through the glass. (Lower) This reaction is depicted, showing how the reduction of some of the U(VI) to U(IV) resulting from the radiation destroys the network.
a uranium second nearest neighbor at a distance suggesting bridging by the equatorial ligands. However, this oligimerization was apparently quite weak or strained within the glass. Even at low doses, reduction of some of the uranium to U(IV) caused the loss of the neighboring uranium. Higher doses caused no further changes, as if it was the presence of the network that rendered the uranium so susceptible to reduction. Of the several elements we studied in the glass, as well as PDF mea-surem ents, the uranium demonstrated the largest effect. However, some of the other elements originating in the high-level waste stream also appeared to segregate within the glass and could be speci® cally affected by the accumulated radiation damage. focal point FIG. 11 . A central problem in environmental chemistry is water-mediated interfacial chemistry and the formation of sorption complexes leading to surface nucleated precipitate formation. a-c show the formation of mono-, bi-, and tri-dentate inner-sphere sorption complexes, where the surface oxygen atoms of the solid phase are white and the cation originally in solution is black. Conservation of the total number of ligands will require different orientations of the sorbed species with respect to the surface. In cases where the M-O bond lengths are the same for the original aquo species and the surface complex, these different modes can be distinguished in XAFS measurements by the relationship of the sorbed ion with the cation of the solid phase (gray). (d) As the coverage approaches monolayer, the sorbed ions will begin to interact via the formation of bridged species. At this stage, if the natural separation of the bridged species differs from that imposed by the solid phase, expitaxial mismatch will displace the sorbed ions from their equilibrium positions on the surface and the surface layer will be strained. (e) In the absence of expitaxial mismatch the solid phase would serve as a template or nucleation site for the formation of a crystalline precipitate. (f) If epitaxial mismatch between the original solid phase and the sorbed monolayer is present, then the strain in the system will result in substitutions (gray) and vacancies. These may propagate in the growing precipitate, resulting in a structure differing from that of the crystalline material, which may account for the lower solubility and other unusual properties of these surface nucleated precipitates.
Still others exhibited no changes at all. The average structure of the glass, determined as the sum of the behavior of these individual sites, ex hib ited h igh er or der in so m e regions and lower order in others as the result of the plethora of different sites within it and the site-speci® c reactions induced by the radiation. On an atomic scale the class is thus reacting heterogeneously; i.e., local structure implies local chemistry.
Aqueous Interfacial Chem istry. In addition to these applications of XAFS as an analytical m ethod for species determination, it has also been immensely useful in exploring the fundamental aspects of aqueous interfacial chemistry that underlie the environmental chemistry issues of transport and the fate of contaminants. 80 Ultimately, accurate thermodynamic models for predicting retardation and transport rates require inform ation on the species and reactions involved in the formation of surface complexes that are responsible for the retardation of soluble species. The use of purely phenom enological form ation/dissociation constants, determined by crushing ro ck an d p our ing solu tions through columns containing it while measuring the elution rates of the various species, assum es no chemical reactions of the target species either with m ineral surfaces or with itself. More accurate and robust m odels will treat sorption as a chemical equilibrium process rather than a purely physical one, incorporating the actual chemical species and reactions. In addition, since, as we have found at Fernald and Hanford, many species apparently precipitate out on surfaces or other wise become included in solid phases, it is essential to know what these solids are and how they form .
The central problem in the formation of sorption complexes and their role as nucleation sites for the formation of precipitates is depicted in Fig. 11 . For inner sphere complexes in which the sorbing ion is linked to the solid surface by a chemical bond (as opposed to outer sphere ones where the ion is m erely held in proximity to the surface electrostatically), there can be more than one type of bonding m ode. Since these bonds typically form by hydrolysis of coordinated water to produce the requisite oxide and hydroxide ligands bridging the surface and the ion originally in solution, the bonding m ode is an essential part of the interpretation of thermodynamic data from other m easurements that determine the dissociation constants and transport rates. Although the speci® c mode will be dependent on the cr ystal face exposed at the solid/solution interface, in general the sorbing ion will reside in different sites with respect to the surface atoms by bonding to one (a), two (b), or more (c) of these atom s. The preferred mode can be quite speci® c. In oxide m inerals form ed of distorted MO 6 octahedra (which may be bridged by other cation s, e.g ., perov sk ite-typ e structures), different valences of different cations singly bond to apical or equatorial sites and m ultiply bond across the different edges of the octahedra or between them. This arrangement m ay affect not only bond lengths and coordination num bers but also the geometry with respect to the second nearest neighbors in the solid and so can easily be distinguished by XAFS m easurements.
Much of this work was pioneered by the Brown group at Stanford, 80 who realized that the characteristics of sorption complexes could be elucidated by performing XAFS m easurem ents on an element initially in solution w hich w as subsequently contacted with a compound not containing that element. Although advances in detectors and glancing angle geometries have now m ade it possible to perform m ore controlled experiments by using large single cr ystals with smooth faces as the substrates, the problem of sensitivity fo r su bm on olay er con centratio ns was originally solved by using very sm all particles of the sorbing material with high surface areas. With these techniques, the presence of inner sphere vs. outer sphere complexes could easily be distinguished and the various geometries of the former identi® ed.
However, a recent paper by this group 81 on the process by which these sorption com plexes develop into m icrom eter-scale pre cipitates adhering to the sorbent surface will utlimately be m ore important, since actinides in such disparate systems as Fernald soils and Hanford tank sludges are found as discrete particles of actinide compounds rather than as trace substituents of other phases or thin ® lms adhering to surfaces. The long-recognized problem has been the formation of such precipitates at concentrations where the pure oxide or hydroxide of the cation in solution is soluble. These solids, form ed by nucleation from m onolayer sorption complexes of the solution cation onto the host solidÐ which is not a compound of this cationÐ m ust therefore differ from the expected oxyhydroxide created from simple pr ecip itation o f these co m pou nd s from solution and their growth via deposition of the cation with the correct oxygen ligand onto its cr ystal face. It was demonstrated that this phenomenon could not result from a departure of the solution composition from its average in imm ediate proximity to the interface. The cause of the precipitate formation could therefore only be that these solids are not identical to the oxides or hydroxides which form under hom ogeneous conditions by the saturation of the solution with the pure compound. These types of small, adhering precipitates have been identi® ed and ch ar acterized by m icroscopy. Their contact with the sorbing surface is relatively m inor. It was postulated that the m echanism for reducing the solubility involved the liberation of the cations from the solid as the result of the surface reactions with the sorbing ion and their subsequent inclusion in the precipitate as it grew, with this doped material exhibiting lower solubility than the pure one. However, analysis of the electron-induced X-ray¯uorescence showed only trace amounts of the other cations, far below any kind of stoichiometric ratio. Interestingly, tr an sm ission electr on m icro scop y shows that these precipitates are heterog en eou s w ith r espect to their cr ystallinity, with some regions producing well-de® ned diffraction patterns, others only weak ones, and some not diffracting at all.
With consideration of local structure measurem ents on various actinide (and other) systems, we suggest that the mechanism of form ation of these anomalous, surface-nucleated precipitates is as depicted in Fig.  11(d±f) . As the surface coverage of the sorbed cation increases, it will arrive at a stage where this cation occupies neighboring sites and will begin to link to itself via oxy or hydroxy bridges as well as to the host solid. At this point, epitaxial m ismatch between the host and the sorbed layer forced by the bridging ligands between the sorbed cations will cause the sorbed cation to be displaced from its preferred positions. The bridges between these ions will also be strained. One m echanism of accommodating this strain may be the formation of additional types of bonds, involving bridging hydroxides or water molecules in addition to the oxide type. It will, therefore, not form a well-ordered layer, but rather a highly disordered one. The presence of the additional pr oto ns f rom h ydr oxy or aqu o groups will result in vacancies or substitutions by other cations of differing size and charge, either derived from the solution or possibly extracted from the host. The new surface on top of the initial m onolayer will therefore also be irregular. The precipitate will therefore continue to grow in this way, propagating with minimal long-range order as a mixed oxy-hydroxy-aquo complex with vacancies and substitutions at som e of the cation sites. The two critical factors in the formation of these materials are (1) the original epitaxial mismatch and resulting strain, which results in the order inherent in the exposed cr ystal surface with the sorbate com plexes form not being transmitted to the sorbed m onolayer, and (2) the ability of the solution cations form ing this m onolayer to accom-focal point FIG. 12. (Left) The EXAFS of Pu(IV) colloid (oxyhydroxide) shows a reduced Pu-Pu amplitude and a plethora of Pu-O distances, including the one native to PuO 2 , but also the shorter one indicative of singly bound monodentate oxygen, e.g., hydroxide, and many longer ones. The EXAFS of PuO 2 shows some deviations from the proposed highly ordered crystal structure but no additional shells and a large amplitude peak from the Pu contribution. (Center) These results suggest this model for the oxyhydroxide, in contrast to the well-ordered PuO 2 . Every four protons incorporated into the structure will require a plutonium vacancy. The different types of oxygen ligands will form different types of bonds with the plutonium, resulting in the series of well-de ned bond lengths observed in the EXAFS. It is expected that the plutonium atoms will also undergo displacements, but the average long-range order will be conserved. Portions of the material with higher vacancy, hydroxide, and water concentrations could be expected to form domains with different structures and properties, analogous to plutonium metal. (Right) These structural factors are observed in other colloids, and also in aged, hydrated, Pu(IV) residues, showing that they are important in understanding the water-equilibrated Pu(IV) oxide system. modate this strain by the form ation of multiple types of bonds with bridging oxo, hydroxo, and aquo ligands that allow an extended solid to form which never is forced to evolve into an ordered cr ystal. If this m odel is correct, then it signi® es that chemistry is now on par with condensed matter physics in the acknowledgment of the existence and importance of multidomain solids with nanometer-scale texture, as will now be described.
Pu(IV) Colloid (Oxyhydroxide). One of these solids is the environmentally important Pu(IV ) oxyhydroxide, also known as Pu(IV) col-loid since it is often found in this form. Laborator y-based diffraction patterns displaying Bragg peaks very similar to those found for Pu(IV ) oxide have led to the assumption that the colloid consists of oxide crystallites, perhaps with a hydrated surface. Our recent XAFS results demonstrate that this average structure is overly simplistic to the point where it fails to identify additional chemical moieties that would be expected to substantially affect the reactivity (Fig. 12) . Instead of the single Pu±O distance of the oxide, many discrete Pu±O distances are easily and unequivocally identi® ed, ranging from the short 2.25 A Ê ones characteristic of terminal Pu±OH moieties and the 2.34 A Ê distances that are native to the oxide up to beyond 3 A Ê . This variety of Pu±O bond lengths corresponding to different types of Pu±O moieties constitutes the signature of the surface-nucleated precipitates, as described above, albeit this m aterial was prepared homogeneously. Although the Pu±Pu distance is identical to that for the oxide, its amplitude in the XAFS is considerably reduced , altho ug h no t by sim ple, Gaussian broadening. Since for every four protons incorporated into the structure one plutonium atom will be replaced by a vacancy (or substituted by a cation of lesser charge for a smaller number of protons), at least some of this amplitude reduction will be accounted for by an actual dim inution of the average number of Pu nearest neighbors. In addition, while the Pu sublattice is mostly conserved on average, many of the atoms are asymm etrically displaced from their positions in the oxide by the presence of the several different oxygen-containing groups in addition to the original O 22 , which would be the OH 2 and possibly H 2 O. Asymmetric pair distribution functions are a dif® cult XAFS problem, and we have not solved this case yet, but the Pu±Pu distance distribution implied by the anharmonicity would have to display concerted excursions from the average unit cell, i.e., texture. P u(IV ) colloid thus dem onstrates some of the important factors of local structure vis-a-vis diffractionbased structure determination. First, in X-ray diffraction m easurements on oxides, the domination of the diffraction pattern by the higher Z m etal component results in the assignment of a space group based on the metal sublattice, precluding the identi® cation of distortions involving the oxygen atoms. And second, whereas XAFS measurements are reliable and sensitive indicators of the presence of local distortions, including ones signifying multiple structures, Bragg diffraction peaks may not be.
The essential point is that these results can explain the aforem entioned hetero geneo us ch em istr y o f th e Pu(IV) oxy-hydroxide system. Within the context of multiple-domain systems, the defects in the oxy-hy-droxideÐ the plutonium vacancies and substitutions as well as the hydroxide and aquo ligandsÐ will affect the local structure and will create domains that could well be of lower solubility. This example also demonstrates the application of local structure measurem ents as the best means of characterizing m ultidomain systems when they occur and their potential importance in explaining heterogeneous behavior.
If the property of interest is solu-bility and the order parameter depicted in Fig. 12 describes the extent to which the structure matches that w h ich w ould r esult fro m , e.g ., Pu 5 O 8 (OH) 4 rather than PuO 2 , if the form er were less soluble, then not all the compound would dissolve when expected. This effect will be m ultiplied as the structures differ and as the tendency to form the end case structures rather than intermediates increases. We believe that this type of behavior, enhanced by low-level substitution in addition to the presence of vacancies, is what drives the form ation of the disordered precipitates of lower solubility and will be the determinant of the behavior of the actinide-containing solids.
SUM MARY
I obviously have been able to touch only ver y brie¯y on such topics as the current state of XAFS calculations and not at all on such areas as b ioinor ganic ch em istr y, X -ray magnetic circular dichroism, and catalysis. However, the point to convey is that XAFS as a m ethod is not yet mature in the sense of being routine or static but is still not only undergoing signi® cant improvements itself but also m aking essential contributions to advances in, e.g., environmental science and the nature of atom ic str uctur e in solid s. T h e brightness of new-generation light sources is projected, within the next few years, to make possible X-ray beam s o f su bm icro m eter d im ensions, which will allow heterogeneous samples to be imaged in terms of the speciation of a target element, with obvious applications to geochem istr y, m ater ials science, and bioremediation. Work is also underway at the next generation light sources on submillisecond and timeresolved m easurements. In addition, spectra obtained on even the oldest beamlines at Stanford or Brookhaven are still elucidating critical aspects of the structures of many new materials and will doubtless continue to do so, especially as our understanding of complex materials and the best m eans for probing their complexities continues to develop.
